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MECHANICAL CHARACTERIZATION OF SiC WHISKER-REINFORCED hloSi2

D. H. Carter, W. S. Gibbs, and J, J. Petrovl

ABSTRACT

The mechanical characteristics of an interrnemllic matrix with two diffdrt!nl rtiin(ui (L’I]IL’I1[S

were studied. The matrix material was ,vloSi2, wirh either Los Alamos VI-S Si(’ whiskers or’

I{uber VS SiC whiskers. The purpose of the reinforcement was IO provide toughening ut :Inlbirnl:

lempermure and strengthening at elevated temperatures. The V[.S whiskers grc:l[lv improvd Ihe-
yield strength of the matrix at 1200 “C, and also increased the room Iempera[urr t“r:~cturc lor. rghnm.
of the matrix. “I_he VS whiskers were added b~wause they ~re much smaller in Icng[h and ditin)~’[ur.

and therefore decreased the mean free path between whiskers, at the same volumr I.rac[ion. “l”Iw

VS whiskers improved the toughness of the matrix at ambient temperature, aml incrcmrd IIW.

yield strength of MoSi2 a: 1400 “C by 470%. l-he high strength 01’ this new uomposilr I) I:ICM [his

material in tk,e realm of attractive engineering materials (or high -tcmpur:][urr.’ :lpl)li~-:lli~)ns. ‘

I
INTRODIJCTION

Ceramic mitterials have some (mts[anding propcr[ics, suet. us high trmpl’l:lturc ‘~[1(’llg[ll.

fhermal shock and fatigue resistance, corrosion resistance, low dcnsily, :)nd h)w thrr[ll:ll (Ixp:lnsion
which make them attractive rnatcrials ~or high [empcraluru applications. I:or ins[:lncr. i~ ~’rr:lmlcs.
were used as engine cornponcnls, [hc engine could he run aI a higher lrnl~wr:l[urr, :Ind fhus 1111
much more cfficicnt than itcould he wi[h rncl:ll comp(, ncn[r, “1’his hos sp:lrhr(l x ~Ir:ll Ilr:ll ~)t”

in[ercs[ in stuliying different ceramics for lhrxr !yprs of applications. tind h:ls ~rrlrr:llr~l n Ivr:lllh

of knowledge of [hc prr’pcrtics of. various crrnrnics.

(.rramics differ from mclals in onc vcr~ Iicy mpcut in lhtit Ihrv :Ilr l~r1111(’,:111(1(1~1ll~)t
~how ;lny virld upon Ioxding at tirnl)irrrt frlnpcralirrs. “I”his I:lck of :1slr(’$$ r(’lir~irl~ L. II: II: IL.11*1ILiIItI,

~ivin~ ulrnmici thclr hrittlr nature :Ind low I[)lrroncr for fl:Iws, 11:1* l)rc II :1 rll:lll)l (ll:lf~ll’1~”1. III

using thcm in struclurnl applications, onc ot’ Ihc r;lr[hods O( dealing will) [l)i~ II IUL” II: II IIL”:II II II IIU’I I\

which can hc rrf.crrrd I() :IS its I“rtictur(m [oughm.~t. IIXS IMTII thr (Icvuli)l)lrlrn[ III’ L~.1:11111~,l~rlll){j,,ltl,,

Manv :]uthors:.2,3 huvc $un]m:lrimd tlm mccl):lrrlsms whIclI n)::v :IC.I Irl loll~,llrlllll~ (1’ I: II II IL”

tv)mposilrs, l“hcw irwludr Ihr lrunsfrl IJI’ lI)Nd from Ihr nl:ltrix II) 111[. I il~t’1 l’:lxcIl ~lrl I’l:l’II IL”

rm)dulus, microcrxcking or prrstrcssinq duc to N dl(frrrnur in tiwlm;ll r~lmtl~lor~, LI:ILL (It-l Irt’[l!’rl.

:Ind Ithmr trnnsl”orm:llion ll)u~lmning,

! .rrnrni= conll)t)silrs \till I)osr :1 C.tlilllt’ll~t’ ,) Illr cn~incrt , ‘!II IL’[” 111[’ IIl:llllx l\ \(’1 \ 1’111[11’

I Ilcrr is il L.lm$ (~1”m:llrri:tlfi. hl)wrvrr. whl L’h 011’(’1s tilr :l(lv:lnl:l~rs (If :1 \’I’1 :11111(’;Ill(l :11’11)“!11111(’

IIf” thr Iwn(’t”ici:ll mr~-h:lnic-; ll ~-h:lr:ll lcri\li~”% (~1”:1 II Ir[:ll I 11{’W rll:llrl I:lli :IIr Illlrl lll(ll,lllll.”l. i’.1111II
:11 111~11lrlnlwr:liurr. 11:1’;rIh(’ rxL’rllrnl ~lI(IIIrIII ,%(jt” :1 (“rr:llljl~”. 11111lllt”!” ll:llllt’:lll\ 11’ll:l\l” 1111)11”

lIhr :1lrlclill, 51nLxIIhrv tlw.w vIrl(l IIIH :Ind \lI(I\t I 111(’\IIlg (.ll:lr:l~’lf’rl’lll~”., I II(. 11~(11’.III 1111’,\~IIll
I\ I)n :}r) lll[(-rlll(’l:lllii”, III1)1VINlrIlUIII (lI\IIIL”I(lr [ hltl,\l,), :111(1(’1)1111111’!II(. ”} 11:1’!1’1!1,11 Ill I’, 111:111’1I II

MljlvlulrllllIll ~11~111~’l(h”11:1$n lll(*lllrl~ ICIIII)(O’.IIIII(”III .’010” ““(‘. IIIKII(.I 111.11, 111(’ ,11111111111,11’

illl(l ll;l~ r (L”rllrlll l’~)llo~l~lll XII(I ().11(1;111(1111(. \l’\l;llll’l’, ;Illll{l,,[ ;1, }!,l,1,1 :1., 111.11 Ill .. 111 1111 Ill 1,11.

(s1( ‘), 11s (Ikl(:allotl lr\l*l:ll)t”r l’, IIllr’ l!) 1111’11)111,11101101 :1 \lll(’;l (s10 !), 11}(”1 , \\lll’ II 1’ I ,1”. ,1

llloi(!L’[lV(” t 1;111;:[ lli~ll lcllll){’l:lIUIJ.\ 4 kl(q(.ll:llllL.:lll\ hlllS17 l)l.ll,l\(. q,,l\ ;I 111(’1.11.11Ill fill 1(.1111,1’1.1111’,’”

IIIIIL”r II umlrr~orx :1 II II IIIU t{) (111(’lllr ll:lll\llll)ll ;1[ ,11)1)1l)xllll:lll.l\ 1000 “( 1Ill’. tl:l’1 111(”.l’!\:llll.l\!l”
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of glvlng~6~-5t Fe3Frelieving-’ch3 racWrisric; - hut- since “it_urtd~oes ~rns~

deformation, its high-temperature strength is reduced. The other disadvantage wi[h \loSi2 1,

that it is brittle at lower temperatures.

Grtc and Petrovics showed that the addition of vapor-liquid-solid (VLS) SiC ~vhiskers m :1

reinforcing medium may improve the frac[ure [oughness at room temperature wkn the matrix

is brittle. as well as increase the strength at elevated temperatures when the matrix is ductile.

This.work and others since [hene have shown this to be correct. The improvements in mechanical

properties of this material have been very enc%sraging. They have provided insight into [he

totighenmg ~ etllTrm%mWK311 ~irkt-oftfm.. zli..h’am’i~

best results in this system. However, the strength and toughness values previously ;ttained hove

not been attractive for most high-temperature structural rtpplic~tions.
In more recent studies, a new reinforcement for MoSi2 has been examined. This rww

reinforcement IS a vapor-solid (VS) whisker matte by the Huber Corporatmn. It is a much smallrr
whisker, and it was thought that this may give improved strengthening due to the resulmrrt shortvr

mean free path. The results from the mechanical testing of Ibis comprxiie will be :In:llyzed 1~)

determine what mechanisms are involved and how to best utilize the w.ivctntagcous propcrtit’s ol-

this inlermetallic.
This paper will summarize rrsults of both past and current studies in hlo!+i? uomposilus,

and discuss lhe goals of this research, being peri”orrned at the Los Aktmos Nationol I.ahoraiorv.
This summary is expanded upon by Cartcr,7 where th, details of the experiments can kc tioun~.

PROCEDURE

The procedure for fabricating both types of MoSi2 composites was lhc same. ‘I”he mulrri:lls

used were a pure MoSi2 pov. der, mand 20 VOI% of either 1.OS Alamos V1. S SiC whisk t’rst’ or Ilulwr

VS SiC whiskers,e The nwln difference between the IWO whiskers used is i!leir size. In Ihe tin:ll

hot-pressed samples, the I.OS Aktmos “JI.S whiskers were generally 100 m 200 microns long, 5

microns in diameter, UMI had an aspect ratio of about 20 IU 30:1. “1’hr Ilubcr i’!+ uhiskcrs,
however, were Rcnrrn’iy 1 10 5 microns In length. had a diamelcr (Jf about ().1 mi~’r[)ns. :Imi h:Id
art aspect ratiil 0( 10.1.

“The powder ~nd whiskers were weighed out tind (hen Idcnticd dry Ior ont’ minulu in :1

small high -fped !)kndcr,’i similar to :1 coffee grinder. “I”he powder mixturr w:ls lhrn ~Jl:lcrd in

:1 grufnil - lined (Jic for hot prrssing into disks. I“hr disks m~”asurt”d 1 I .75 Innl ill (Ii:llllrlt’1 l~v

6,35 mm in thkkncss,

l“hc s:l:nplrs were hot-pressed in :lr~[)n tit 1700 “(‘ I() 30,5 M1’:1, wilh :1 hol(! Iinl(’ :1[ [11(’

[)rxrh tcmpcr:llure of ntmul 5 minutes. ‘1’lm rt.sulling dvnsilil*s wferr V(’I y WNNI, lyIIIL”:llly lwlwwll

97,5% Jm! QII,4’M) [It” IhroIc IIc:Il, which is 5,691 g/cn13.

I hcr~ Will no :Ipl):lrrnl rr:lction Iwlwren Ihr Si( “ Whisk. rr :In(l the nlnll ix , :1’;(’XIWL’IWI Ihll)uv,h

thcr,nrdynirmic colcul:ttitm:;. [“tic rurlicst ‘;ludv :;il~~w’ed 11131the w’hi’;krl tv:l:; :111:1~1.L’11,l)I)\vI.’,I’I

(his w:~s :Ittributrd I() iron :111(1:Iluni Inu In inlpur ilies I)rrw’i)[ III [he hll Aiz. I his 11111(1, ::l\{l 11)(1III!

~,uh~,l:lnll:ll grail) ~rowlh in ltw mutrix, :Illd :Illrlhulcll Ibis l{) I he IIIlpul Illcs l)rr\rlll. Ill 1!’.)1(’

re,. rnt flu(lle$ . :1 Itlu{.h I’ulrr I)ow(lrr h:I\ t)e~.u US(’(I , :11111‘if) 111(’~1:1111$1/(” 01” 1)0111[11(’ 111’1[1l\ :11111

I;w (.onll)()~llr wrrr $ It) 10 nll~’r{ln~, \lltlll:ll 10 Ill{’ \l:llllll~ pl)w(h’1 \l/r

d. lh:I wI’Ih hltNtrl A lo’), J:IIIh(’ iIII(~ ~l.IIIkl(m h( I ~l:Iul (III I 111(’Iiy,:III. \\’r\I ( iI’llll:lll\-, . . . . . — .——. . . . . -. ___ --- _________ .. .



“--ui~~in~?h~sirength”” andYOUFPoitlt ‘bend ~cvron~nomhed-fracmr=ohgh~
have been per~ormed or, all three materials at room temperature, 1200 and 1-!00 ‘(”. I’ur[ll’l
b~nd stren&th tests have been performed on VS Sic whisker- reiniorceci hfosi? Q[ 1000. I I (J() :IIILI

13(JO “C. The data points in Figure 5 represents an average of be[ween 2 and 4 sampll’s 1~1’r tl:ll.1.

point. The bend samples measured 20 x 5.1 x 2,5 mm.

RESULTS AND DISCUSS1ON

The impurities present_in MoSi2 in an earlier work also caused the formation of u liquid-— -.=-- ..-
p~me at the grain boundaries during hot-pressing. lhls hquld phase, rich in silicon, ti;dcd the

powder to completely surround the whiskers, whereas in the pure MoSi2, the MoSi2 powder did.

not flow evenly around every whisker. The porosity in each study was similar, nowever [he’
earlier study exhibited a finer distribution of porosity, whereas [he pure MoSi~ caused more:

porosity surrounding individual whiskers. This difference caused the samples wl[h the impure
MoSi2 to have a higher fracture toughness than those with the pure MoSi2. The inlerl”acc Iw[wcen

the MoSi2 and the whisker was weaker in the impure MoSi2 samples, thus causing a higher fracture
toughness.

Figures I md 2 show the MoSi2 matrix and composi[e with VLS whiskers undrr !]olorizcd

light. The size of the whisker is apparent. Also, it is evident that the whiskers hrc:lk during
hot-pressing. It can bc seen that some whiskers are surrounded by pores, “l-his occurs cspecitilly
by [WO or more whiskers in very close proximity trapping voids, which derrcwt from the streng[h
of the composite. The matrix cannot transfer load to the whisker if there is J pore surrounding

the whisker.
Figures 3 and 4 show the composite with I{uber whiskers. The whisker clumps, in I’igure

3, align in a plane perpendicular to the hot-pressing direction, as expected. Tnrre is u I:]rge

amount of porosity within these agglomerations of whiskers. This is most likely the C;IUSU (or

the low strength of this composite at room temperature. “lhe strength a[ high tempt)r:lturcs is
not as sensitive to these pcckets of flaws. It is evident [hu[ there is o Iurgr amount ol” Sic .

particulate along with the whiskers,



Figure 2: VLS Sif-(w) - hlo!jiz, Poiarized I,iRht

Figure 3: V!+ Sif’(w) .- hloSiz
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~lgure 4: VS SIC(W) - MoSIZ, Polarized I,ight
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I“he s-—oT~TMoSi. al–el~raf~d ‘tempkraftiri%%”a~ lWPrY-irfCWiWd T}mlie “TL
VLS whiskers, but even more dramatically with the addi[ion of VS Whlskeis.

The new composite, using \“S whiskers instead of VLS whiskers, improved the yield s[rcn~[h

at 1200 “C, as shown on Figure 5. At elevated temperatures, the 0.2(~0 of~set !icld s~reng[tl l’~11
the materials are reported, since the samples underwent plastic deformation, L’ltimote s[rel~gth

values above 1000 “C would not be an accurate measure of the strength O( these ma[erials bec~use

of b ~lastic deformation. At room lempera[ure, the values on Figure 5 are actually [he ul[imo[~
strengths, since the samples did I)crt yield.

I he strengrnen lng ?rovlaea 15JWf? vb~
than that which the VLS whiskers provide, Load transfer is a plausible model for high temperature:
strengthening by VLS whiskers, but not by VS whiskers. Recall that the VLS whiskers arc at
least twenty times longer than the VS whiskers. The important point is that the load trans(en

model requires a critical aspect ra io for optimum strengthening. This was calculated to be 12
for the purely elastic case, and 5; for the plastic ca~e. This was found by applying a simple

“iule of mixtures” to the elastic modulus, assuming the strain in the malrix and the s[roin in [he:

fibers were equivalent.8 The VS whiskers are much shor[er, rela[ive to the grain size of \loSi2i
and also have a smaller aspect ra[lo, and therefore are nJt long enough 10 provide :ldequ:II~
strengthening due [o load transfer.

MoSi2, like most ceramics, exhibits brittle behavior at room temperature due [o (he l:Ick

of independent active slip systems at room temperature. Nei[her [he s[rength nor toughness 01’
ceramics is controlled by dislocation motion, as with metals, because disloccr[ions ore ei[her
immobile, or are not mobile on enough slip systems to influence tough ness.3 Therefore, ceramics
are made tougher by modifying t!le microstructure, and providing resistance 10 fracture via these
micros tructural modifications, and fiot by [he movement of ~iislocations.

This reasoning cannot be applied 10 the behavior of MoSi2 at high temperature. At eieva[ed
temperatures this material did not behave as a conventional brittle ceramic. It behaved more rrs

a metal, in that it underwent plastic deformation, and exhibited creep and stress relaxation.

The bend test specimens bent t ~a very subs[an[iai degree at and above 1200 ‘C. Ilowever.
[he addition of SiC whisker reinforcement improved the materials load -be~ring c:~pobilily
“Therefore, a different w?y Of examiriing fracture in MoSi2 must be used [o !uIIv undcrstond i~s

behavior, and how to conlrol it. It IS proposed that the mode of fracture in MoSi2 ot clevfl[cd

temperatures is plastic deformation tl: -ough dislocation molion. “rhis could be due to t’l[hur gr:lln
boundary sliding or dislocation plas[ll. ity. g

Very often in a two phase sjs[~m such as this. one indication of g,ruin boundory slidin~.

or diffusiorral creep, would be large void forma ilons at boundaries between the IWO ph:lscs,
‘rhrough SEM studies, there is no dir.’ct evidence ot void formation at [he gruin boundaries.

“lherel_ore, it is proposed that (hv deformation is due 10 classical dislocation pl:~sticitv, r:l[her
[tran grain boundary siiding, or diffus ~nal creep. “l-ransmlsslon electron nlicros~opy is prc’senlly
being performed on these SLIfllpieS to lo ‘Ole rr?~l(JnS 01” dis]oca[ion p[:l~l icily, ond (0 l)ro~l(lc mt)rr

direc[ evidence [o support lhi$ proposal.
rhe explanation l-or ll~e Incrr?nse III strenpj!h with Ihc VS whisker colll[)osil~’, ovrr (Ill’ J’( $

whisker composi[e at elevated tc’mpcrn[u es, I“oll[)w$ruadily I“ron] (I1Cmo(jLIl of (Ilsloc:llio[l” l)l:ls[lL’l(\’

I’he mean (rce path is smaller for the V> whisker composi[c thtin for [ht VI,S whisker CIOI1lI)()$II(I,

orrd [bus slreng[hcnlng due (o dispcrs~l n sfrcnglhcnlng is more ct’(ective ‘1’IILI Vs wllijhl’1$ ;11(’

:Iclirlg ;1s “l)illning silts” to conlrol” the (Iisloculion” rllo[i on,”

[}ieterio gives u sunlnl:lry o~”the s[reng[tlening nlrch:lnisnls produced I)y LIl’ir)cly (Iisl)rrs(’[i
inw)lul)le second I)hose in a m:l(rix, which is :Ipplicuhle to this syslen. [’he dl’gree of 31rl’ng(hcrllrlR

resulting from secon(l-llh:lsr p:lrlicles d~’ncnds on the ~lislrll)ulion IJ~’I):lrticl[’s irl Ille (l~jc[il~’rll:lll i ~
I’or o conslonl I.II)lunlc t“rocllon of” rrinl )rcen. en(, ;1 (lt~L”re:lse In r(’illl’orcl’rll~’11( \I/1’ will (Ict-’rt’:l$c’

(IIC :l\er:lge (iisl:l’lce I)rtww’rl Ihr relrlt-oluing l):lrti L’les, or llIc nle:ln I’rce [):ltlI. I’llis w:l’i ~)11[’01”
Ihr Ill(er:llon!i .)t” :llldlng V’S whiskers us I) I)po$e(i I’) Vi. \ whisk L)rs; I() rr(luL(I IIIC 111(1:111I ItItI 1~,1111

I’IIc VI.S whi$hrr ;I)rll[)()$ile, :If w,, II(I i)c cxpeclc(l I’ron] Il)is (liscll~$ioll, I.llI)w(’(~:1 (lL’L’l~’:l’I(’
. .ins(rrngth Ot 12(N) ~ 1hIs ISl)ec:Iusr I!}r ! Irgr whl:kt’rs :lrc Inct IrL’IIVC I or L.I) II II(IIIIIIg (11’,lI)L; II II) i:’),

,.

~jnce Ihe rerun t“rcc 1):1111i’; Velv i{~ry,e~~’l:llivr tIj 111{’II):I(IIX p,[:lill )1/r.— .—— .. . . . -——- . ..--— —— ——. -. —
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The stre’ii=i–r700-m-7e-fiperitu’rE_ i3.-Qefy “much -dEp@hd~ti~ll-~ h-e-p’6r753i~70~th’~’
because there is no plastic dcformarion. The porosity for the VS s~mples was f~irly high wi[hin

the large groups of whiskers. These large whisker clumps acted as large flaws, and detrocted.
from the composites room temperature strength. [f these large clumps can be dispersed be[[er,

both the strength and fracture toughness will be improved, especially at room temperature. No[e
that it is not necessarily [he clumps of whiskers themselves, but rather the porosi[y within [hese
clusters which detracts from the room temperature strength. The elevated temperature streng[h
is not as sensitive to these pores, because of the large degree of plastic deformation.

Ih e low strength or the V Lb compos]re at room rem !irctre Is ~
this case the pores are surround irig individual whiskers, Figure 6 shows [his porosity quite clearly.
The matrix cannot possibly transfer load to the whisker if there are large gaps between the matriz
and the whisker. This must detract from the material’s strength.

Figure 6: VLS Sic(w) - MoSi2, Tested At Room Temperature, 2KX

The KIC values are surcmarized in l“able 1. Only the room temperature fracture toughnc. s
values can be considered Klc values. At elevated temperatures, the fracture was not linear elfis[ic.
Nonlinear fracture mech~nics must therefore be applied. The fracture toughness at rlevotcd
temperature is not reported as Klc, hut as work of fracture. The work of I’rncture volues :Ire
discussed in delail by Corter,7 and so need not be reported here.

Table 1: Room “remperahre Fracture “I_oughlless DutiI

Mosi2 + hloSi2 +
MoS12 VLS Si{:fw) }S Si(’(w)

I
hlPa m~ 5,32 8.20 6.59
(ksi 111~) (4.84) (7.45) (5.99)

—

‘l’he I“racture toughnms rcsuits ure also encouraging, It 110s been I)rollt)sed [11:11lI:lr(ILILI

dispersion strengthening accoun[s f-or (he dramo(ic increase in s[rcngtli I’or [11( L’S i~llish~’r

~ompt)site a[ high tempcro[urc. l’hOUgh Iilis is [i)e most inlpor[:ln[ r(~sui( fIOIII (Ili$ $[u(Iv, IIIC
I“lficture toughness is oiso ilnporl:lnl, since it is dirrctly rci:llr(i II) (I1c :llucll:lllis[llt 01” flIcll~lllL’11111~



.—. —
given a~oi~-e Efren-gtfie”nlng ‘mechanismslllscussed -leaci’fo arrexplanaticsn” -v thm’rm,.,.
toughness at room temperature was not improved by the VS whiskers as much m with the VLS
whiskers.

At room temperature, the matrix is brittle, and so toughening must occur by one or more

of the typical ceramic toughening mechanisms, such as crack deflection, crack bridging, or whisker

pullout. For any of these mechanisms, the purpose is to interrupt the path of the propag~ting
crac~by lowering the stress field around the crack tip, and in front of the crack tip. It is desired

to have long thin fibers in order to effectively stop cracks by the afore[nentioned mechanisms.
Itl e crltlcat length [0 d lam~~-~~e ~0 ~
VLS whiskers.

The smaller size of the VS whisker is suited for controlling d!~;ocation motion Jt high;
temperatures, but cannot provide as much toughening as the VLS whiskers do at room tempera ture,;
when there is no dislocation plasticity. i

One of the mechanisms of toughening which has been observed in the ‘QLS composite is.

crack deflect ion.ll Other mechanisms are possible, such as crack bowing, branching, bridging,,
and microcracking. There is no evidence of whisker pullout, or debonding at room temperature.:
The microstructure of the room temperature test specimens show a brittle fracture, M expected.:

When the whisker is surrounded by the matrix, the bond is normally ~ery strong, This is;
shown explicitly in Figure 6. The crack propagated straight through the large horizontal whisker,
leaving each half of the whisker bonded to the matrix. A strong bond is good for strengthening,
of many metal and polymer composites, but too strong of a bond is not good for the toughness.

of most ceramic composites since most reinforcements have a modulus on the same order os the”
matrix. Therefore the propagating crack would not be deflected, Oi the whisker wo~ld not show
any de bonding or pullout if the bond strength was too high. I

At high temperature, the toughening mechanism provided by the VS whiskers is related to
its strengthening mechanism. Since the fracture at high temperature is through plastic deformation
rather than through brittle fracture, the control of dislocation motion will give q higher work ol-
fracture than the toughening mechanisms designed for brittle fracture. Therefore, the work ofi
fracture is much higher for the VS whisker composite than for the VL!3 whisker composite or

the matrix because the VS whiskers control the dislocation mo[ion more efficiently.

CONCLUDING REMARKS

The most important result from this study is the im~rovement in streng[h of hloSi2 due 10
the VS whisker reinforcement. It has been found that the decreased mean [ree poth ~vi[h [he \~S
whisker reinforcement as compared to the VLS whisker reinforcement served to increase [he high
temperature strength cf MoSi2 more than 450%. The reason for this is that at elevated temperatures
the mode of failure of MoSi2 is through dkJocation plasticity, and the smtill VS whiskers acted
in a dispersion strengthening mechanism, to inhibit this dislocfi[iun motion.

Since there is little or no dislocation motion in MoSi2 at room temperature, [he small whiskers
had little effect on [he mechanical properties at room temperature, specifically its frac[urc
toughness. Though [he VS whiskers did improve the Iracture toughness slightly, [he I.lrgcr \~LS
whiskers are much belter suited for the typical ccrnmic toughening rnccll:lnisms such ;IS cr:]ck

deflection.
In conclusion, [he results from the mechanical (csts ~mrformed in this ork ore l’~[remclv

significant. It has been shown ih~t MoSi2comp~sites m~y indeed be useful rlla(~ri:lls I“orenginecring

applications at eieva[ed Iemperfitures. Substantial gains have been made in [he Undcrs[ondi[lg ()!’

the strengthening mechanisms important in MoSi2 tit high temperatures, and :Ilso the rrl~’v:lnt
toughening mechanisms at room temperature, These results arc JISO very uset”ul, in th:II tlIcy

clearly dictate Ihe log Ic~l pti[h for I’uture work on this system.



.,. ‘i r-’:-: r:or Paoer

F=RE WORK —
—

b

First, it has been shown that a dramatic improvement in high temperature streng(h was:

obtained by utilizing a smaller whisker, and thus a shorter mean free path. A similar e[fecti

should be attained by the addition of fine SiC powder. This would enable a better control of-’

the size of reinforcement. The clumps of whiskers introduced pores, which acted as flaws, and
substantially decreased the room temperature strength. One solution wo~ld be [o improve the
methcd of processing to disperse these clumps of whiskers by using a wet-blending process, or.
ot~e could simpJy add fine SiC powder instead.

Secondly, the VLS whiskers provided a better source of toughening at room [empera[uret

than the VS whiskers, because of their much larger size. Typical ceramic toughening mechanisms~

are dominant at room temperature, and so the composite must be designed with [his in mind.{

The stress field at a crack tip must be minimized by alterations of the microstructure, ro[her [hanf
relying on inhibitors to dislocation motion, since dislocation plasticity does not exist at room
temperature.

Therefore, the logical reinforcement for MoSi2 would be a combination of VLS whiskers

and fine SiC powder, which would take advantage of the rnlevant strengthening or toughening:
mechanisms at room. temperature and at high temperatures.

There are ether possible approaches which can be drawn from this work to improve the!
mechanical behavior of MoSiq. First of all, the processing methods could be improved a grezt

deal. Dry-blending is quick lnd easy, but does not give optimum properties. Also, one might’
attempt to increase the VLS whisker loading, which would probably necessitate a wet-blending
technique. An increased whisker loading would help to decrease plastic deformorion a[ high

temperature, and also may help increase the fracture tough riess at room temperature. I

It may be more useful, h~wever, to alter the composition of (he composite. For instance,’

!O further reduce the plastic deformation of MoSi2 at high [empeiature, and thus improve i[s

creep resistance, one might alloy the IWoSi2 with a more refractory material, such as tungsten

disilicide. i



b ‘—FWER%N7!F%

1, R. W. Rice, “Mechanisms of Toughening in Ceramic Composites,” CerarK/c EngInLTJr/)I\y S,;,)IC,J
Proceedings. 2 [7-8] 661-701 (1981).

2. D. K. Shetty, “Ceramic Matrix Composite,” Current A warene~s Bulletin. Issue {’o. 113, Lleta IS
and Ceramics Information Center, Battelle Columbus Laboratories, Columbus, Ohio, 1982.

3. S:?yl, Wiederhorn, “Brittle Fracture and Toughening Mechanisms in Ceramics,” ~Hnuuf RevILJw
~~ Malerials Science. 14 373-403 ( 1984).

4. J. Schlichting, “Molybdenum Disilicide As a C6mponent of Modern High-Temperatur;
Composites” (in German), High Temperatures-High Pressures. 10 [3] 24 I -269 ( 1978)

5. Frank D. Gac and John J. Petrovic, ‘Feasibility of a Composite of SiC Whiskers in an MoSiz:
Matrix,” Journal of /he American Ceramic .Sociefy. 68 [8] C200-C201 ( 1985).

6. W. S. Gibbs, J. J. Petrovic, and R. E. Honnell, “SiC Whisker- MoSi2 Matrix Composites,” Cernmir
Engineering and Science Proceedings. 8 [7-8] 645-648 ( 1987).

7, David H, Carter, SiC Whisker-,~einforced MoSi2. MIT Master’s Thesis, 1988.

8. Frani. D. Gac, John V. Milewski, John J. Petrovic, and Peter D. Shalek, “Silicon Corbide
Whisker Reinforced Glass and Ceramics.” NASA Conference Publication 2406. Proceedings ot o

joint NASA/DOD conference held at Cocoa Beach, Florida, January 23-25, 1985.

9. W. D. Kingery, H. K. Bowen, and D. R. Uhlmanll, ftlfroducfion fo Ceramics Jnd Edi~io~l. John
Wi!ey & Sons, Inc., New York, 1976.

10. George E. Dieter, Mechanical Metallurgy, 2d Ed. McGraw-Hill Book Compsny, New York,
1976.

I 1. David H. Carter and George F. Hurley, “Crack Deflection as a Toughening Mechanism in

SiC-Whisker-Reinforced MoSi2,” Journal of [he American Ceram\c SocIL’fy. 70 [-l] C79-C8 1
(1987).


